Various procedures have been developed for the purpose of getting a sample of lung air that has come into equilibrium with the mixed venous blood, which enters the lungs from the right heart.
CO2
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OF MIXED VENOUS BLOOD 657 due to slow diffusion failed to register this tension until after the lung blood had been contaminated by recirculated blood. The latter of these hypotheses seems to be the basis for the various rebreathing procedures which have developed since this observation was made. It is to be looked at askance since CO2 diffuses through the animal membrane twenty or thirty times as rapidly (5) as does oxygen, and there is no very good reason for expecting the CO2 tension of the lung air to be markedly different from that of the lung blood, as long as there is fair oxygenation of the arterial blood. Evidence which confirms this attitude is adduced by Meakins and Davies (6) who have shown that then the breath is held for forty seconds, there is a much greater disturbance in the relation between arterial and alveolar oxygen than is the case for COZ.
It is implied in the paper of Christiansen, Douglas and Haldane that they regarded the continuous rise in the alveolar CO2 tension after breath holding, to be due to failure of the lung air to equilibrate with the lung blood before re-circulation.
The result of this attitude was that these workers elaborated a method for using the lungs as an aerotonometer and by "straddling" the supposed venous tension, could approach it from above or from below, and be quite sure of the CO2 tension of the blood in the lungs. Their experiments gave results that were no doubt of the right order, for the CO2 tension of the blood in the lungs, at the end of the experimental time, but since there was no attempt to show that the tension remained stationary, the experiments cannot be taken to prove that the tension of the blood in the lungs equalled that of the mixed venous blood.
Henderson and Prince (7) simplified the procedure of estimating the CO2 tension of the lung blood, by rebreathing for ten seconds, some expired air. After waiting until the circulation and respiration had reached normal, they repeated the procedure until the CO2 tension of the repeatedly rebreathed air had reached a constant value. When these investigators varied the procedure by commencing a similar experiment with a nine per cent mixture of COZ, and came down to the same value they had arrived at from below, they thought that they had proof that the CO2 tension of the rebreathed air was approximately that of the venous blood. This argument is rather dangerous because it fails to take into account the fact that at each rebreathing, the lung-bag mixture is diluted by 1000 to 1500 cc. of residual air which has the alveolar rather than the venous tension.
This dilution alone would produce a lowering of the CO2 tension in the lung-bag mixture, making the second experiment a mere repetition of the first, for in each case, after the tension has reached a constant value, the residual air dilutes the lung-bag mixture at the beginning of the rebreathing, and the final value is approached from below and not from above, even though a few minutes before, the CO2 tension had been 9 We can no longer ignore the hypothesis that when the CO2 tension of the inspired air is increased, there is a gradual rise in the average tension of the lung blood. Drinker (8) has brought together evidence that the passive regulation of the vascular bed in the lungs, is such "that when the blood flow through the lungs is rapid, all available vascular routes are conducting blood and are somewhat distended.
When the flow falls and the pressure playing upon different capillary paths is low, then only the easiest routes transmit the effective blood current, and blood moves sluggishly through the more difficult."
These latter conditions exist probably during rest, since the vascular bed of the lungs is capable of carrying a fivefold increase in flow during exercise.
Drinker also adduces unpublished evidence indicating "a tailing out of columns of injected solutions as they pass through the lungs in man."
We are reporting elsewhere experiments which confirm this.
If we look at the pulmonary circulation in this way, we are led to the following hypothesis:
When one starts to rebreathe "virtual venous air" the blood in the lungs is not wholly venous, but more or less arterial in some parts and venous in others, and the tension of the lung air is an expression of the average of these various tensions.
This average constantly changes as the arterial blood enters, and is back to the lungs.
further changed as re-circulated If this attitude is correct, we are blood begins to not justified in come determining the venous CO2 (or 02) tension by any of the usual procedures which use the lungs as an aerotonometer.
To test this hypothesis, we endeavored to find out whether there was a low CO2 tension in the lung air when rebreathing had been carried out for a short time, to correspond with the assumption that early in the experiment, there is a great deal of arterialized blood in the lungs.
We tried also to find out whether this CO2 tension gradually increased as the rebreathing time was lengthened to correspond with the assumption that this arterialized blood was gradually replaced by venous blood entering the lungs from the right heart.
1. Relation between CO2 in rebreathed air and time of rebreathing. The apparatus consisted of the "tensimeter" described by Henderson and Haggard (9) modified in that the bag containing the mixture of CO2 and 02 was on the end of a thickwalled, soft rubber tube, similar to that used for the Haldane-Priestley alveolar samples. This permitted getting samples of air which had certainly come from the depths of the lung. Samples were taken in oiled 20 cc. Luer syringes, connected by short, soft rubber tubes to needles which were thrust through the tube. The salm-co2   TENSION  OF MIXED  VENOUS  BLOOD   659 pler tubes were clamped with hemostats and the samplers were found very convenient in that they seldom leaked, and were easily tested for leaks, that the dead space was small and easily washed out, that it was extremely simple to deliver the sample to the Haldane-Henderson analyzer, and that we got satisfactory duplicates. The rubber tube from which the samples were taken was of such consistency that the needle holes closed against many times the pressure which occurred during an experiment.
The procedure consisted in filling the bag with 2.5 1. of a 6 per cent mixture of CO2 in oxygen.
After resting for ten minutes to half an hour with the mouth piece in place, the subject rebreathed this gas mixture twice in six seconds.
After three minutes, he rebreathed it again in a similar fashion.
This was repeated seven times. Samples were taken after the fourth, fifth, sixth and seventh rebreathings.
Occasional oxygen analyses were made of the seventh sample to assure ourselves that there was enough oxygen in the lungs to saturate the hemoglobin. Occasional HaldanePriestley samples of the alveolar air were taken. Using fresh bagfuls of the same mixture, the rebreathing was repeated on the same subject at the same sitting, using exactly the same procedure except that he breathed three times in nine seconds. This series was followed by three others in which the rebreathing was four times in twelve, seconds, five times in fifteen seconds, and a repetition of the first series, two times in six seconds. This whole procedure was repeated with sequence variations three or more times on each of the three collaborators, and was controlled by increasing the rebreathing time without increasing the rebreathings to eliminate the effect of re-exposure of dead space air to the alveolar epithelium. The results of these experiments are shown in figure 1 and in table 1, and were calculated as follows: The difference between the tension of the average alveolar air for each experimental series and all of the fifteen second re-breathed air samples were tabulated and the mean with its probable error calculated.
The same was done with all of the twelve, nine and six second values.
The figures indicate 1, since the differences are several times their probable error, they are "almost certainly significant;" 2, that the re- breathed air and hence probably the lung-blood increases its CO2 tension steadily as the rebreathing time increases; 3, since the cardiac output is calculated by multiplying the CO2 difference between the alveolar and rebreathed air by a figure which represents the GOa dissociation of normal oxygenated blood, and dividing the answer into the CO2 eliminated, hence changes in the rebreathing time affect the cardiac output figure to the cop,
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same proportionate extent as they do the figure representing the difference between the alveolar and rebreathed air, i.e., increasing the rebreathing time from six to fifteen seconds, decreases the "cardiac output" figure by 25 per cent.
2. Control experiments ruling out skw CO2 diffusion. The gradual increase in the tension of the rebreathed air might be due to slow diffusion of CO2 from wholly venous blood in the lungs.
Reasons for doubting this have already been mentioned, and in addition, the following experiments show conclusively that the changing tension of the lung blood is responsible for the changes in the rebreathed air. The experiments were carried out very much as before except that 12 to 15 cc. of CO2 were added before each rebreathing.
The rebreathings were two in eight seconds, four in sixteen seconds, and six in twenty-four seconds.
The series were as large as in the previous experiments, and carried out in similar sequence. The addition of CO2 serves to compensate for the lowering of the CO2 tension by dilution with residual air, and insures that diffusion shall, at all times, be inward from lung air to lung blood.
The eight second is well below the sixteen second value, but somewhat above the nine second value of the previous experiment. This is to be expected since diffusion is at this time inward into the lung blood.
The sixteen second is about the same as the fifteen second value when no COa.is added. This corroborates a statement found in the paper of Field, Bock, Gildea and Lathrop (LO) to the effect that the same equilibrium is reached in experiments lasting fifteen seconds, whether CO, is added or not.
The same is, of course, true for the twenty-four second value which is definitely higher than the sixteen second value.
In discussing a report of these findings at Rochester, N. Y., Professor Y. Henderson suggested that a level representing the venous tension might be arrived at by rebreathing for a longer time. To test this hypothesis the results of rebreathing for twenty-four and thirty-two seconds were compared.
The difference between t'he alveolar and rebreathed air was 1.55 millimeters (15.0 per cent) higher at the end of thirty-two seconds re-breathing than at the end of twenty-four seconds. This rise in CO2 tension can only be attributed to re-circulated blood. 3. Quantitative proof that CO, dijfuses into the arterialiged blood in the lungs. To arrive at a more quantitative proof that arterialized blood in the lungs is responsible for the low CO2 tension in the shorter experiments, we calculated the quantity of CO2 in the lung-bag system at various stages of a typical rebreathing procedure, to find out whether CO2 actually leaves the lung air for the lung blood.
First the residual air was estimated in the following manner: Oxygen was breathed until the atmospheric nitrogen was ventilated out of the alveoli of the lungs. Four liters of Nz were then rebreathed until mixing was complete (11) ) and the residual air was calculated from the proportion of nitrogen in a sample taken from the bag. Checks were satisfactory and the analyses could be carried out without modifying the ordinary analytical procedures.
Two and five-tenths liters of '%irtual venous" air (16 sec. value) were placed in a bag, connected by a long rubber Y tube to the inspiratory and expiratory sides of a valve with very small dead space. During inspiration .
-- Fig. 2 from the bag it was possible to collect, from the expiratory tube near the valve, a sample of the last expired air from the depths of the lungs, and from the inspiratory tube a mixed sample of the air that was contained in the bag.
Four samplers were connected to the inspiratory and four to the expiratory tubes of the valve, which was in turn connected to the "venous" opening of the "tensimeter."
A sampler was connected to the HaldanePriestley tube of the "tensimeter."
While the subject was breathing normally, the "tensimeter" was turned to the H-P tube, and he was instructed to expire forcibly. At the end of this expiration the "tensimeter" was turned to the "venous" opening, connected as described with the small respiratory valve.
He then inhaled from the bag for two seconds and exhaled again into the bag for two seconds.
The subject had a stop-watch and repeated these carefully timed respiratory movements until he had executed four inspirations and four expirations in sixteen seconds.
During each inspiration after the first a sample of the mixed bag air was taken from the inspiratory tube and a sample of the deep lung air from the expiratory tube.
From the amount of air in the bag and in the lungs (residual air) and their respective CO2 percentages (alveolar analysis and virtual venous analysis) was calculated the total amount of CO2 in the lung-bag system before the first breath.
The average value for eight experiments was 238 cc. (fig. 2) .
Using the first mixed-bag sample, the CO2 content of the lung-bag system was again calculated.
It was found to average 225 cc., i.e., 13 cc. less than there was at the beginning.
Thus all of the CO2 which enters the lung with the venous blood, as well as 13 cc. of the inspired CO,, have disappeared altogether.
Analysis of the second sample showed that all of the CO2 brought in by the venous blood during the first eight seconds of the experiment as well as 1 cc. of the inspired CO2 had disappeared.
It is difficult to think that this CO2 can go anywhere but into the arterialized blood which remains in the lungs.
The next samples at twelve and sixteen seconds show that the CO2 content of the system is gradually coming back to what it was at the end of the experiment in which the "virtual venous air" was prepared,-a a duplicate of the one we have just analyzed in detail.
The samples taken from the expiratory tube of the deep lung air served as a check as to mixture and direction of diffusion. DISCUSSION. The fact that the "virtual venous" CO2 tension gradually increases as the rebreathing time is lengthened, introduces a systematic error that may amount to forty per cent in the cardiac output figure. That such a source of error should have remained unnoticed is surprising until one considers the variability of the results even when the experiments are carried out most carefully and the procedures are exact repetitions of each other.
It is quite common in our experience and in the literature to find a single series of rebreathed air analyses that shows random fluctuations of a millimeter or more in COZ tension.
A fluctuation in the venous tension, say from 49.0 to 50.0 mm., is unavoidable.
Since it is unavoidable one finds oneself regarding it as a mere 2 per cent variation.
In reality it changes the difference in tension between the alveolar and rebreathed air, and hence the cardiac output figure by IO to 15 per cent. These 10 to 15 per cent variations would obscure any but an exhaustive attempt to check up on the relation between rebreathing time and "virtual venous CO2 tension." SUMMARY 
AND CONCLUSIONS
The difference between CO2 tension of alveolar and of rebreathed air increases significantly as the rebreathing time increases.
This seems to result from the fact that at the beginning of a rebreathing experiment, the lungs are full of arterialized blood. As this blood leaves the lungs and venous blood enters, the tension of the rebreathed air gradually rises as the mean tension of the blood in the lungs rises. This rise continues as re-circulated blood enters the lungs.
These facts cast doubt upon all methods of calculating the circulation based upon the use of the lungs as an aerotonometer for COS. The same difficulties would apply to oxygen but might not apply to nitrogen or the "foreign" gases.
